The juxtaposition of fault-bounded sedimentary basins, above crustal-scale detachments, with warmer exhumed footwalls can lead to thermal convection of the fluids in the sediments. The Devonian basins of western Norway are examples of supradetachment basins that formed in the hanging wall of the Nordfjord-Sogn Detachment Zone. In the central part of the Hornelen and Kvamshesten basins, the basin-fill is chiefly represented by fluvial sandstones and minor lacustrine siltstones, whereas the fault margins are dominated by fanglomerates along the detachment contact. Prominent alteration and low-greenschist facies metamorphic conditions are associated with the peak temperature estimates of the sediments close to the detachment shear zone. Fluid circulation may have been active during the burial of the sediments, and we quantify the potential role played by thermal convection in redistributing heat within the basins. Different models are tested with homogeneous and layered basin-fill and with material transport properties corresponding to sandstones and siltstones. We found that thermally driven fluid flow is expected in supradetachment basins as a transient process during the exhumation of warmer footwalls. We demonstrate that the fluid flow may have significantly affected the temperature distribution in the upper five kilometers of the Devonian basins of western Norway. The temperature anomaly induced by the flow may locally reach about 80°C. The sedimentary layering formed by sand-and siltstones strata does not inhibit fluid circulation at the scale of the basin. The presence of fluid pathways along the detachment has an important impact on the flow and allows an efficient drainage of the basin by channelizing fluids upward along the detachment.
INTRODUCTION
Fluid flow in sedimentary basins can play a major role in redistributing mass and heat in the system (Wood & Hewett 1982; Person et al. 1996) . It can be driven by several factors such as the surface topography, the compaction of the sediments, or buoyancy instabilities of the fluid(s). Topography-driven flow may control the circulation of meteoritic water through aquifers when recharge areas are located at higher elevation than discharge areas. This type of flow can result, for example, in the occurrence of thermal springs in mountainous areas (Andrews et al. 1982; Levet et al. 2002; Brumm et al. 2009 ). Compaction-driven flow operates with a limited amount of fluids initially trapped within the sediments. During burial, the expelled fluids may transport solutes and cause precipitation of minerals within various units of the sedimentary basin (Bjør-lykke & Høeg 1997; Bjørlykke 1999) . Buoyancy-driven flow is induced by variations of the fluid density within porous media. The density increase resulting from dissolution of CO 2 into brine may lead to convective flow and storage of CO 2 -rich brine in deep part of saline aquifers (Hidalgo & Carrera 2009; Pau et al. 2010) .
This study focuses on buoyancy-driven flow induced by the thermal expansion of a fluid (water) when heated. This process, referred as thermal convection or free convection in sedimentary basins, is driven by basal heating and lateral thermal gradient. Analog experiments of Rayleigh-B enard thermal convection in fully saturated porous media document the onset of instability in terms of the critical Rayleigh number (Elder 1967; Combarnous & Bia 1971; Palm et al. 1972) . Depending on the boundary conditions, the value of the critical Rayleigh number can vary from 27 in the case of a permeable surface to 39 in the case of an impermeable surface (McKibbin & O'Sullivan 1981) . Thus, in a horizontally stratified basin where a permeable sandstone aquifer is embedded in impermeable shale, the critical Rayleigh number of the system is 39, which corresponds roughly to a minimum aquifer thickness of 330 m with permeability of 1 Darcy under a geothermal gradient of 30°C km À1 (Bjørlykke et al. 1988) . As suggested by Bjørlykke et al. (1988) , such thick permeable units might be rare in most sedimentary basins. However, this point of view is partially biased by the binary mode of heat transfer suggested by the Rayleigh-B enard experiment (i.e., either conduction below the critical Rayleigh number or conduction with convection above the critical Rayleigh number).
In a geological setting where the layers and the isotherms may be tilted or slanted ( Fig. 1) , it is misleading to apply the predictions obtained with a Rayleigh-B enard setup where the boundary temperature conditions remain perfectly horizontal. The horizontal component of the temperature gradient leads unconditionally to fluid motion in permeable rocks, even below critical Rayleigh number (Combarnous & Bia 1971; Bories & Combarnous 1973; Bjørlykke et al. 1988; Gouze et al. 1994; Wangen 1994 Wangen , 1997 Simms & Garven 2004 ). This type of fluid motion is called non-Rayleigh convection, as opposed to Rayleigh convection above critical Rayleigh number (Fig. 1 ).
In the case of a crustal-scale detachment and supradetachment basins addressed in this article, sedimentary basins may be in contact with potentially high permeable strata and conduits along fault margins. Transient thermal effects like heating of the basin from the progressive exhumation of a 'hot' footwall and shear heating in the detachment shear zone may have large effects on the fluid flow potential in sedimentary basins (Souche et al. 2012b) . High peak temperature conditions were estimated close to the detachment fault in the supradetachment basins of western Norway (Svensen et al. 2001; Souche et al. 2012a) . The high temperature conditions could have resulted from the conductive heating of the basin adjacent to the warmer exhumed footwall. The conditions could also arise from the circulation of hot fluids in the basin and along the detachment zone. We consider the specific geological setting of the post-Caledonian detachment zone in western Norway, which is geologically constrained both from the thermobarometric and geochronological studies of the footwall (e.g., Labrousse et al. 2004; Hacker et al. 2010) and from the architecture of the supradetachment basins in the hanging wall (e.g., Osmundsen & Andersen 2001) . We investigate whether the slanted isotherms, produced by the exhumation of the footwall during the extension, could lead to significant fluid flow in the supradetachment basins. Finally, we quantify the temperature anomaly induced by the fluid circulation in the sediments and evaluate its (A) (B) Fig. 1 . (A) Rayleigh-B enard experiments in porous media and expected type of fluid convection. In the case of perfectly horizontal isotherms, fluid flow only occurs after the onset of convection above the critical Rayleigh number. In the case of slanted isotherms, fluid flow will always occur due to the horizontal component of the thermal gradient. The fluid motion below the critical Rayleigh number is known as non-Rayleigh convection. (B) Sketch of a crustal detachment with supradetachment basins at the surface. The exhumation of the footwall and the burial of the hanging wall may, respectively, lead to the rise and depression of the isotherms in the area. The resulting slanted isotherms may control the fluid flow in the supradetachment basins.
impact on the peak temperature conditions of the sedimentary basins.
These questions are of particular interest in understanding the thermal evolution of the Devonian basins of western Norway but also, with a broader perspective, relevant particularly for the thermal evolution of half-graben basins that have a characteristic tilt of the sedimentary layers.
GEOLOGICAL SETTING
The Nordfjord-Sogn Detachment Zone
The Nordfjord-Sogn Detachment Zone (NSDZ) is a crustal-scale extensional detachment that formed during gravitational collapse and dismantlement of the Caledonian orogeny in the Early to Late Devonian (Norton 1986; Seranne & Seguret 1987; Seguret et al. 1989; Andersen & Jamtveit 1990; Osmundsen et al. 1998) . The NSDZ juxtaposes lower Devonian (approximately 415-400 Ma) high-to ultra-high-pressure rocks in its footwall (Hacker et al. 2010) with sedimentary rocks of nearly the same age in its hanging wall ( Fig. 2A) . The regional extension was accommodated by strike-slip and listric-normal faulting at the surface, which controlled the sedimentary architecture of the supradetachment basins (Osmundsen et al. 2000) .
The exhumation of the footwall of the NSDZ is documented by a number of tectonic and petrological studies of the eclogite-facies Western Gneiss Region (WGR; Hacker et al. 2003; Labrousse et al. 2004; Root et al. 2005; Johnston et al. 2007; Kylander-Clark et al. 2009; Young et al. 2011) . The pressure-temperature-time evolution of the footwall indicates that the decompression, corresponding in some area to exhumation >100 km, occurred in a time window of 5-10 Myr (Andersen & Jamtveit 1990; Hacker et al. 2003; Young et al. 2011) . The Caledonian nappes of the Hyllestad complex below the Solund basin ( Fig. 2A) , and the Lykkebø/Eikefjord groups below the Hornelen basin, recorded high-pressure metamorphism in the range of 10-15 kbar (approximately 60 km burial) with peak temperatures of 550-600°C (Hacker et al. 2003; Johnston et al. 2007) . These units are separated from the basins by a mylonitic shear zone with an average shear strain of c ≥ 20 (Andersen & Jamtveit 1990; Hacker et al. 2003; Marques et al. 2007) . A simple reconstruction of a normal-sense shear zone with a dip of 30°and a thickness of 5 km results in the vertical displacement of 50 km, which is compatible with the geological observations and the exhumation of the HP Caledonian nappes.
Formation of the Devonian supradetachment basins
The most prominent geological feature of the Devonian basins is their tectonically controlled architecture (Bryhni 1964; Steel et al. 1977; Folkestad & Steel 2001) . The basins developed in a continental setting characterized by debris flows, high-energy fluvial processes, and high sedimentation rate (>2.5 mm per year; Nilsen & McLaughlin 1985) . Their architecture and geometry was controlled by the motion above extensional listric-normal faults beneath the basins (Osmundsen & Andersen 2001) . Along the fault margins, the basins are filled with fanglomerates formed by proximal debris flows and alluvial fans (Fig. 2E) , and they are filled with distal fluvial and lacustrine deposits in their central parts. In the central part of the Hornelen basin (Figs 2A) , the bedding exhibits a relatively constant eastward tilt of approximately 30°dipping toward the detachment fault. Each depositional unit is typically close to 100 m thick and comprises rhythmic deposition of cyclothems (Fig. 2B) . These cyclothems consist of prograding coarsening-up-fining sequences with sedimentary facies varying from finer sand-and siltstones to conglomerates (Figs 3). Within the Hornelen basin, this pattern repeats itself more than 100 times resulting in about 25 km of preserved stratigraphic thickness (Steel et al. 1977) . However, the burial depth has not exceeded 10-14 km (Svensen et al. 2001) , and the stratigraphic thickness accumulated by lateral growth during episodic eastward shifts of the depocenter in response to tectonic motions (Fig. 2E ). Similar tectonic control on deep basins have been described from the Ridge basin in California (13.5 km of dominantly continental formation), which has been proposed as a more recent example to the sedimentation along the north margin of the Hornelen basin (Nilsen & McLaughlin 1985) .
Contemporaneous with the main E-W extension, N-S shortening affected western Norway giving rise to overall transtension (Krabbendam & Dewey 1998; Osmundsen & Andersen 2001) . The N-S shortening resulted in largescale folding of the sedimentary strata around E-W fold axis, and in the characteristic present-day saucer-shape geometry of the basins and detachment mylonites ( Fig. 2A,D) .
The peak temperature conditions of the basins have been documented from authigenic minerals and fluid-inclusion studies by Svensen et al. (2001) and by Raman spectroscopy on organic carbon by Souche et al. (2012a) . The highest temperatures within the basins are found close to the detachment fault. Locally, the sediments were exposed to temperatures of 345°C, corresponding to a geothermal gradient as high as 37°C km À1 during the exhumation of the metamorphic basement.
The basin-detachment contact
The contact between the Devonian sediments and the shear zone of the extensional detachment typically occurs along a sharp geological boundary (Fig. 4) plane, similar to those described along the Kvamshesten basin (Braathen et al. 2004) . Several segments of the basin-bounding faults have experienced minor brittle postdepositional reactivation as documented by Torsvik et al. (1992) . Few meters below the contact, the rock belongs to the shear zone of the detachment and exhibits extreme mylonitic fabrics (Fig. 4C) . The foliation shows a striking alignment with the main fault. The schistosity and friability of the mylonites can potentially allow fluid circulation within the upper part of the shear zone.
Few meters above the contact, sheared conglomerates mark the structural base of the Solund basin (Fig. 4A) . In some places, the deformation overprints the sedimentary structure and brings uncertainties regarding the protolith of the fault rocks (Fig. 4A ). These highly sheared and fractured rocks commonly have a large number of quartz fragments that could be either detrital or derived from fragmented veins.
Evidence for fluid activity
The sedimentary rocks in the Devonian basins of western Norway show a series of diagenetic and metamorphic alterations that reflect the activation of fluid processes during the burial of the sediments (Seranne & Seguret 1987; Odling & Larsen 2000; Svensen et al. 2001; Beinlich et al. 2010) . The maximum burial was marked by the formation of locally dense network of metamorphic veins (Svensen et al. 2001) . The veins host authigenic mineral such as epidote, chlorite, biotite, and local actinolite that give constrains on the peak temperature conditions of the sediments. The density of veins increases toward the detachment contact. Two examples of such network are presented in Fig. 5B ,C.
The common presence of carbonate in outcrop-scale veins and in former pore-space on the thin-section scale documents a fluid activity in the sediments. The precipitation of carbonate resulted in the clogging of the primary porosity that does not permit in situ measurements of the porosity or the permeability of the sediments.
Alteration including carbonatization of ultramafic clasts in the Solund basin occurred in situ during the burial of the sediments (Beinlich et al. 2010) . In conglomeratic lithologies where ultramafic clasts may constitute up to 20% of the sediments, the surrounding matrix is also altered (Fig. 5A ). The widespread alteration of the ultramafic clasts together with the matrix of the conglomerates demonstrates a pervasive interaction between the clastic material and a pore fluid circulation in the basin (Beinlich et al. 2010) . A similar conclusion regarding pervasive fluid flow in the basins has been suggested to account for the oxidation of detrital carbonaceous material associated with the recurrent presence of hematite in the matrix of the sediments (Souche et al. 2012a ).
MODEL SETUP Lithospheric-and basin-scale configurations
The background temperature, which is a necessary parameter in our basin-scale fluid flow model, is obtained by modeling the thermal evolution of a crustal-scale detachment in a lithospheric-scale model of the NSDZ (Fig. 6A,B) , referred to as lithospheric model. We incorporate geological constrains available from the literature regarding the geometry and the thermochronology of rock units in western Norway (Souche et al. 2012b) . The duration of the deformation responsible for the exhumation of footwall high-pressure units ('HP unit' in Fig. 6A ,B) from a depth of 60-20 km is set to 5 Myr. At the same time, the hanging wall subsides along the detachment creating accommodation space for the sediments ('basin unit' in Fig. 6B ). As the lithospheric model attains the final configuration as shown in Fig. 6B , we assume that the basin is fully developed with compacted sediments of a thickness up to 10 km.
Fluid flow simulations are then performed within the basin model, which is nested in the lithospheric model. In configuration I (Fig. 6C ), the basin is filled with homogenous sediments. In the configuration II, the basin is filled with discrete layers that can have different transport properties (Fig. 6D ). The layers are tilted toward the detachment fault with a constant dip of 30°similar to the field analog. The marginal fanglomerates in the basin and the cataclastic fault zone along the detachment contact are taken into account in the model by introducing an additional permeable layer along the detachment fault (Fig. 6D ). This layer is referred to as the 'fault-cored pathway' in the remaining parts of the article. It connects all the internal layers of the basin from their base to the surface. The fault-cored pathway can be seen as a preferred pathway for the fluid where permeability is higher than the rest of the basin. The basin configuration is not meant to reproduce 'iconically' the architecture of the Devonian basins of western Norway, but to capture prominent geological features that are essential in terms of the fluid flow potential. Note also that the basin model has the same horizontal and lateral extent (120 9 80 km) and the same configuration of the lithospheric units as the lithospheric model at the final configuration (Fig. 6B ).
Thermal and transport properties
The thermal conductivity is given as function of temperature in both the lithospheric and basin models. The specific parameters a and b (Table 1) are taken for felsic rocks for the upper crust, mafic rocks for the lower crust, and ultramafic rocks for the mantle lithosphere (Clauser & Huenges 1995) . Radioactive heat is considered in the lithospheric model assuming a constant heat production within each layer ( Table 1 ). Note that this heat source is neglected when computing fluid flow in the basin model. The fluid (water) properties such as the density (Fig. 7) , viscosity, and specific heat capacity are functions of the temperature and pressure and are interpolated from a precalculated table derived from the PROST library (Bauer 1998) .
The rock transport properties such as the porosity and permeability (Fig. 8 ) are estimated using characteristic trends for siltstones and sandstones as no measured data are available from the basins. The porosity follows an exponential decay with depth as expressed by Athy's law (Athy 1930 )
The depth z is measure from the surface. The surface porosity φ 0 and the decay constant a depend on the sedimentary lithologies (Table 2) . Different values of φ 0 and a may be found in the literature and we use here the parameters provided by Hantschel & Kauerauf (2009) , which results in a lower estimate of the porosity at any depth compared with the porosity of sandstone units in the North Sea (Sclater & Christie 1980) . (1) Stack of discrete layers dipping 30°t oward the detachment similar to the field analog; (2) 'fault-cored pathway' emulating the marginal coarse deposits and the cataclastic fault zone along the contact with the detachment shear zone. Note that the thicknesses of the layers in (D) are not to scale. Thermal convection supradetachment basins Norway 7
Works by and provide a good basis for permeability relationships within the crust, but their method is mostly applicable for depth >5 km and is not suitable for basin-scale model where most of the flow is expected to occur at shallower depth. Here, we calculate the permeability j based on the porosity according to a revised KozenyCarman relationship (Ungerer et al. 1990 ):
The parameters S and b are, respectively, the specific surface area and the scaling factor depending on the lithologies ( Table 2 ). The corrected porosity / 0 is given by the difference between the porosity φ and the threshold porosity φ c , for which the pores connectivity is lost and the permeability vanishes. The corrected porosity can be expressed as a function of the specific surface area:
Initial background temperature
The initial temperature distribution is obtained by modeling thermal effects related to the exhumation of the lower crust along a crustal-scale normal shear zone using the lithospheric model (Fig. 9 ). In these preliminary simulations, thermal effects related to fluid flow in the basin are neglected. The rate of exhumation is an important parameter with regard to the temperature field evolution in the system. Fast-evolving detachments result in a large amount of heat at the base of supradetachment basins due to the exhumation of the relatively hot footwall and shear heating generated in the shear zone underlying the basin (Souche et al. 2012b) . After exhumation of the footwall (5 Myr), the temperature field (Fig. 9B ) exhibits the highest thermal gradient between the hanging wall and the footwall. This corresponds to the configuration where thermal convection is most likely to occur in the top basin unit. We therefore use this temperature field as an initial background temperature for the fluid flow simulations.
Flow, temperature, and pressure conditions (basin model)
The top boundary of the model is open to fluid flow, that is, the pore fluid is free to enter or leave the system. The temperature at the surface is either set to 10°C if the fluid enters the model or considered with zero flux boundary condition if the fluid leaves the model. The bottom boundary of the model, at 80 km depth, is set to 780°C. Zero heat flux boundary conditions are used on both lateral walls. The pressure boundary condition is constrained only at the surface of the model and is set to atmospheric pressure of 10 5 Pa. 
Mathematical model for thermal convection
A considerable amount of analytical and numerical experiments have been conducted on the onset of thermal convection using the steady-state form of the Darcy-ObernerckBoussinesq equation where the compressibility is neglected from the mass balance equation and the density variations are linearly dependent on temperature (Lapwood 1948; Wooding 1957; Elder 1967; Combarnous & Bia 1971; Palm et al. 1972; Bories & Combarnous 1973; Gupta & Joseph 1973; Straus 1974; McKibbin & O'Sullivan 1981; Trew & McKibbin 1994; Rees & Postelnicu 2001; Nield & Bejan 2006) . The assumption of neglecting the compressibility in the balance equation, often referred as the Boussinesq approximation, holds for systems characterized by Rayleigh number below 260 (Combarnous & Bia 1971) . The heat transfer is described by the energy conservation in the fluid and solid phase of the porous medium, assuming thermal equilibrium between them (Eq. 5). For the fluid flow, we assume a quasi-incompressible Darcy flow, meaning that the pore fluid pressure, together with temperature, is taken into account to estimate the density (Fig. 7) , the viscosity, and the specific heat of the fluid in Eqs 5 and 6. However, the Boussinesq approximation is kept such as the density variation is neglected in the mass balance equation of the fluid (Eq. 7a). We further neglect the porosity evolution with time as we are interested in modeling fluid flow in an already formed and compacted basin. Equation 7a simplifies then to the simple elliptic form of Eq. 7b.
where C f P and C s P are the specific heat capacities for fluid and solid, respectively, T is the temperature, and j s is the effective thermal conductivity of the solid, φ is the porosity, q f is the fluid density, m is the seepage velocity, t is time, j is the permeability, l is the dynamic fluid viscosity, P is the pore fluid pressure, and g is the gravity acceleration vector.
Numerical approach
The system of equations (Eqs 5-7) is discretized in space using the standard Galerkin method and solved using a self-developed finite element MATLAB code. A six-node triangular element is used to interpolate the pressure field (piecewise quadratic polynomial interpolation), and a three-node triangular element is used to interpolate the temperature field (piecewise linear interpolation). We use Triangle (Shewchuk 1996 (Shewchuk , 2002 to generate an unstructured triangular mesh resolving the internal boundaries. The computation and assembly of the system of linear equations is performed in the same manner as in the MIL-AMIN solver (Dabrowski et al. 2008) . The fluid properties such as the density, viscosity, and specific heat capacity are evaluated from the pressure and temperature fields at each time step. The fluid properties and the rock transport properties are evaluated in the integration points of each element. The velocity vectors (linear within elements and discontinuous between elements) are obtained by taking the derivative of the pore fluid pressure as expressed in Eq. 6. Diffusion and advection terms in Eq. 5 are split and solved using the fractional step approach. The diffusion step is solved with an implicit scheme. The advection step is explicitly performed with the method of backward characteristics (4th order Runge-Kutta's scheme) combined with the linear interpolation of temperature. An independent check of the numerical diffusion in the advection step was run for several simulations using an unstructured finite volume method employing the MINMOD limiter (Geiger et al. 2004) , and no significant differences between the results obtained with the two advection methods were observed.
RESULTS
We perform a series of numerical simulations in which we vary model parameters to quantify their impact on thermal state in the basin (see Table 3 ). The simulations are run for 1 Myr, all starting with the same initial temperature corresponding to the final temperature obtained in the lithospheric model (Fig. 9B) . In addition, a reference simulation is also run with only thermal diffusion (no fluid flow) to estimate the temperature anomaly induced by fluid flow.
Model A: Uniform basin-fill
We assume a uniformly filled sedimentary basin in the configuration I (Fig. 6C) , with effective porosity corresponding to an arithmetic weighted average (φ ari ) between the two end-member values characteristic for silt-and sandstone (Eq. 8). The use of the Kozeny-Carman relationship to calculate permeability from the effective porosity would require an additional averaging of the parameters presented in Table 2 . Instead, we calculate the effective permeability directly from the permeability of silt-and sandstones, using either arithmetic (j ari ) or geometric (j geo ) weighted average (Eqs 9 and 10).
where X 1 is the weight coefficient from 0 to 1. In the case of X 1 = 0 (siltstone basin-fill), no fluid flow occurs in the basin (Fig. 10A ) and the heat transfer is diffusive. In the case of X 1 = 1 (sandstone basin-fill), significant fluid motion develops in the basin with a maximum seepage magnitude of about 8 m per year (Fig. 10A) , resulting in temperature anomaly in the range between À82°C and +65°C. The maximum seepage magnitude is approximately a linear function of X 1 for arithmetically averaged properties, whereas fluid motion become only significant for X 1 > 0.6 in the case of geometric averages. Figure 10C shows the time when the maxima of the seepage magnitude and the temperature anomaly are attained (using φ ari and j ari ). The maxima of the seepage magnitude and the (positive) temperature anomaly are reached synchronously at the early stage of the process (before 50 kyr). The early stage is characterized by an unsteady flow, during which the convection cells emerge and organize into a regular pattern. Therefore, the maxima obtained at the early stage of the model could be considered as artifacts related to the unrealistic abrupt transition from the initial conductive background temperature. The minimum (negative) temperature anomaly is reached in a quasi-steady convection regime between 50 and 200 kyr (Fig. 10C) and is therefore less influenced by the initial transition stage than the previous two maxima. The characteristic time required for the development of a quasi-steady convection pattern (<200 kyr) shows that thermal convection operates on a different timescale than thermal diffusion within the lithosphere. Once the stable convection pattern is established, the fluid flow weakens leading to a decrease in the temperature anomaly in the basin (note that the exhumation of the basement is not active in the basin model). As an example, in the simulation where X 1 = 1, the cooling in the basin reaches À82°C before approximately 100 kyr and decreases to À55°C at 1 Myr (Fig. 11A) . Figure 11 shows the results for X 1 = 1, which is the most favorable fluid flow scenario. At quasi-steady-state, the convection cells organize into a regular pattern characterized by narrow upwellings evenly spaced between 5 and 8 km (Fig. 11C,E) . At the surface, the recharge is characterized by a downward flow in the order of few cm per year and takes place over large areas (Fig. 11B) . In comparison, the discharge areas are characterized by a narrow upward flow with velocities in the order of several dozens of cm per year resulting in local 'hot springs' at the surface (Fig. 11D) . The infiltration of fluids reaches deeper parts of the basin close to the detachment fault where the temperature gradient is high. The fluid circulation affects significantly the thermal structure of the basin and results in a maximum cooling at about 3-6 km depth (Fig. 11E,G) . Note that the most prominent thermal anomaly (cooling) coincides with large drainage areas associated with relatively slow downward fluid flow (Fig. 11F,G) . 
Model B: Basin layering
In the model B, we use the basin configuration II (Fig.  6D ) with a stack of alternating sandstone and siltstone layers with thicknesses varying from 50 to 200 m. A fault-cored fluid pathway is present along the detachment with a porosity of φ A , a permeability of 10Áj A , and a thickness of 200 m. In contrast with the model A, where the early stage is characterized by unsteady fluid flow, the fluid circulation pattern in the model B is immediately set by the presence of the layers. The fluid flow takes place within the permeable network formed by the sandstone layers and the fault-cored pathway. The presence of the fault-cored pathway is critical as it allows the fluids to channelize upward along the detachment. Fluid motion would be inhibited without the presence of the faultcored pathway. The minimum (negative) temperature anomaly reaches À60°C in the basin at approximately 100 kyr (Fig. 12A ) and is independent of the thickness of the internal layers. Figure 12 shows the results for internal layer thickness set to 200 m. The results obtained for internal layer thickness set to 50, 100, and 150 m are not significantly different.
The fluid flow pattern is characterized by a dominant downward flow along the sandstone layers with seepage magnitude of about 10-30 cm per year and a localized upward flow along the fault-cored pathway with seepage velocity up to 4 m per year (Fig. 12B) . The fluid flow results in cooling almost everywhere in the basin and local heating in the vicinity of the detachment (Fig. 12E) . Similarly to the model A, the most significant cooling of the basin occurs at depth of 3-5 km as a result of basin-scale drainage associated with relatively slow downward fluid flow along the permeable sandstone layers.
Model C: Permeability of the fault-cored pathway
Several numerical studies have investigated fluid circulation along fault zone using effective permeabilities in the range of 1-100 mD to a depth of several kilometers (Garven et al. 2001; Simms & Garven 2004; Yang et al. 2004; Shalev et al. 2007; Fairley 2009; Harcou€ et-Menou et al. 2009; Magri et al. 2012 ). In our model, the fault-cored pathway represents the fanglomerates and the fractured rocks along the tectonic contact between the basin and the detachment. In this set of numerical experiments, we systematically vary the permeability of the fault-cored pathway by rescaling the permeability used for sandstones (Fig. 8B ) with a coefficient X 3 (Eq. 12) set from 1 to 30. Thus, for X 3 = 1, the surface permeability of the fault-cored pathway is 395 mD and decreases to 1,2 mD at 5 km depth. We consider a siltstone basin-fill, which inhibits the fluid flow in the basin. The thickness of the fault-cored pathway is set to 200 m, and the transport properties are set to 
The seepage magnitude increases with increasing value of X 3 (Fig. 13A) . Abrupt changes in seepage magnitude occur at approximately X 3 = 10 and X 3 = 25 and reflect the reconfiguration of convection cells within the faultcored pathway (Fig. 13C-E) . The results obtained for 1 > X 3 > 10 show unicellular convection cells that are typical for non-Rayleigh convection (Fig. 13C ) with upward flow along the warmer wall of the pathway and downward flow along the colder wall. For X 3 > 10, the flow pattern is characterized by multicellular convection that is typical for Rayleigh convection. For 10 > X 3 > 25, the flow pattern organize into regularly spaced convection cells in the upper 3 km of the fault-cored pathway (Fig. 13D ). For X 3 above 25, the convection pattern is irregular with the presence of a large convection cell in the upper 2 km of the fault-cored pathway with a distinct downward flow along the warmer wall of the detachment and upward flow along the colder wall.
The temperature anomalies due to non-Rayleigh convection are on the order of AE1°C. In the Rayleigh convection mode, the temperature anomalies do not exceed +10/ À15°C even for maximum seepage velocities of approximately 5 m per year (Fig. 13A) . The confinement of the fluid flow within the narrow pathway seems to strongly limit the heat transfer caused by convection in the system. Figure 14 shows the range of minimum (negative) temperature anomalies caused by fluid flow in the models A, B, and C. The results obtained with the models A and B show a significant regional cooling up to 82°C in the case of a uniform sandstone basin-fill. The restricted fluid circulation within the fault-cored pathway (model C) precludes significant heat redistribution in the system even with high seepage velocities of several meters per year, which are similar in magnitude to those of the models A and B.
SUMMARY AND DISCUSSION

Effective transport properties
The minimum (negative) temperature anomaly in the model A obtained with an arithmetic averaging of the transport properties with an equal fraction of sandstone and siltstone (X 1 = 0.5) and in the model B with alternating layers of sandstone and siltstone are, respectively, 62 and 59°C. The arithmetic average of silt-and sandstone permeability used in the model A corresponds to the transport property parallel to the bedding of a stratified medium (Dagan 1989) such as the one present in the model B. However, the component of the effective permeability describing transport normal to the stratification is given by the harmonic average, which may be significantly lower than the arithmetic average. Irrespective of this discrepancy between the transport properties in the models A and B, the temperature anomaly is almost the same. We speculate that the presence of the fault-cored pathway in the model B (permeability 10j A ) may compensate for a low transport property normal to the layer stack in the basin. Note that the value of the effective permeability obtained with geometric averaging corresponds to a random distribution of silt-and sandstone and lies between the parallel and the normal flow obtained in a stratified medium (Dagan 1989) .
Effect of the sedimentary layering
The occurrence of a significant fluid flow and thermal feedback in the case of a layered basin-fill with almost impermeable siltstone layers contrasts with previous suggestions that thermal convection in sedimentary basin is inhibited by the presence of meter-thick impermeable layers (Bjørlykke et al. 1988) . However, we emphasize that, in our simulations, there is an interconnecting highly permeable pathway at the base of the basin and that thermally driven flow occurs as a transient process caused by slanted isotherms during the exhumation of a crustal-scale detachment footwall. Once the thermal perturbation associated with exhumation processes is relaxed, the thermal convection in the basin ceases under the regional thermal gradient.
Temperature conditions of the Devonian basins
In the models A and B, the fluid flow affects the thermal structure of the basin mainly at 3-6 km depth. The fluid flow is inhibited by the reduced porosity and permeability below this range, and thermal convection does not operate efficiently. In the context of the Devonian basins of western Norway, which have an estimated burial depth of about 10 km (Svensen et al. 2001) , thermally driven flow may have not influence the peak temperature conditions of the sediments. The alteration of ultramafic clasts of the conglomerates in the Solund basin (Beinlich et al. 2010) and the pervasive oxidation the Devonian basins of western Norway may partially result from basin-scale fluid flow during the burial of the sediments. However, the temperature evolution during the formation of the basin cannot be directly addressed in our models and would require the consideration of additional effects in the fluid flow budget such as the compaction of the basin.
Fluid flow in the detachment pathway
The flow and heat transport in the model C is similar to thermal convection in isolated tilted layers (Bories & Combarnous 1973; McKibbin & O'Sullivan 1981; Wood & Hewett 1982) . The onset of Rayleigh convection can be expected above a critical value of the Rayleigh number that, in geological systems, varies mostly due to changes in the permeability, thickness, and temperature gradient across the layer. In our model, the temperature gradient is determined by the initial background temperature. The onset of Rayleigh convection occurs for a pathway permeability of 10j A and a layer thickness of 200 m. As permeability contributes in the same proportion as the square of the thickness to the Rayleigh number, an equivalent Rayleigh number would be found setting the permeability to j A and the layer thickness to approximately 630 m (assuming that the thermal gradient would not change across the layer). Such thick detachment pathway might be large considering the geological framework, but would lead to more significant thermal anomalies in the system due to a larger drainage area. The model C suggests that high fluid velocities inside the detachment shear zone might not necessarily induce large cooling of the system if the flow is constrained within a narrow pathway. The regional cooling occurs only if the fluid flow infiltrates from extended areas in the hanging wall, as illustrated by the models A and B. These results agree well with similar conclusions drawn by Ferguson et al. (2009) regarding significant depression of isotherms in the hanging walls of crustal-scale faults due to groundwater flow.
These results can help to understand heat transfer induced by fluid flow in detachment zones where high thermal gradients of 140°C/100 m are documented (Mulch et al. 2006; Gottardi et al. 2011) . Our results show that the cooling of the metamorphic rocks in the basement can be significant if the fluid flow in the detachment zone drains the supradetachment basin.
Pore fluid composition
The consequences of diagenetic processes are ignored in our model. The model parameters such as the density, the viscosity, and the heat capacity of water depend on the concentration of solutes that dissolve from the surrounding sedimentary matrix. The studied geological system is dominated by continental siliciclastic sediments highly cemented by carbonate minerals. The change of density with depth in sedimentary basin is positive for silicates in solution and negative for carbonates and these two contributions nearly cancel out in sandstone formations with carbonate cement (Bjørlykke et al. 1988) . The most significant density variation of the pore fluid with depth could come from soluble salts in the basin potentially inhibiting thermal convection by introducing a negative density gradient with depth. However, salt deposits are not found in our geological setting. The fluid-inclusion analysis from metamorphic veins in the deepest part of the Devonian basins of western Norway (Svensen et al. 2001) documents salinity close to modern seawater. However, the metamorphic veins formed in the deepest part of the basin at about 10 km when the sediments were compacted and the origin of the salinity could come from metamorphic processes (Svensen et al. 2001) . From our modeling, we know that the circulation of meteoritic water did not reach such depth and we assume that the metamorphic fluid found in the veins may have been decoupled from the meteoritic water circulation in shallower part of the basin. Thus, using pure water as a pore fluid in our models is a feasible approximation.
2D approach and generalization to 3D
We use the 2D approach to study the flow pattern in the basin. Different flow configurations can develop in 3D models of porous convection. The question arises as to whether such effects would significantly influence the heat transfer efficiency in the basin. Based on a simplified 3D model of crustal-scale detachment, Harcou€ et-Menou et al. (2009) studied the flow pattern of thermal convection in sedimentary basin bounded by a highly permeable shear zone conduit. Their results show the development of polyhedral convection cells (3D structures) within the shear zone and the transition to convection coils (quasi-2D structures) in the basin parallel to the shear zone direction. Garven et al. (2001) investigated the underground temperature distribution along the hydrothermal system of the Borax Lake fault in the USA. From their study, the warmer temperatures at depth correspond to circular thermal anomalies within the fault system and suggest an upwelling of hot fluids in a chimney-like conduit. These papers clearly illustrate the complexity that we can expect in the case of convective flow patterns in natural systems. However, the scaling between the Nusselt (dimensionless number describing the heat transfer efficiency) and Rayleigh number should remain similar in the case of 2D and 3D models for low Rayleigh number values (Combarnous & Bia 1971) . Therefore, our 2D model should provide a reliable estimate of the heat transfer budget for sedimentary basins, which are characterized by low values of the Rayleigh number.
CONCLUSIONS
We have studied the thermal anomaly induced by thermal convection in supradetachment basins above an active crustal-scale detachment zone. The interplay between fluid flow and heat transfer has been modeled with and without the presence of sedimentary layers and fluid pathways along the detachment. Our conclusions are as follows: (1 ial depth where thermal convection is no longer expected to contribute to the heat transfer. Thus, the peak temperature estimates for these basins may be interpreted with conductive heat transfer. However, the alteration of the sediments may partially results from large-scale fluid flow during the burial of the basins.
